The gradient gold layer morphology below the percolation threshold along a channel groove imprinted into a pressure-sensitive adhesive polymer film is studied. In order to elucidate the complex nanostructure of the sputterdeposited gold nanoparticle layer, nanobeam grazing-incidence small-angle X-ray scattering and imaging ellipsometry are used. Thus, the complex nanostructure of this metal-polymer nanocomposite can be detected, distinguished and identified. The presence of macroscopically curved structures, as introduced by the imprinted ridges, can cause deviations from the mean metal nanoparticle morphology, probed on the 'flat' sample area outside the ridges. The phase-separated morphology of the polymer film is rather unaffected by the imprint structure but leads, in addition, to a selective growth of gold on polystyrene-rich domains.
Introduction
Polymer-metal nanocomposites and interfaces play an important role in many areas of technology and research (Walter, 2006; Akamatsu & Deki, 1997; Kharkwal et al., 2011) . This includes, for example, devices for sensing applications (Bauer et al., 2003) , catalysis (Lee et al., 2013; Sugunan et al., 2010; Li et al., 2012) , organic electronics (Mentovich et al., 2010; Watanabe & Miyano, 2011) , plasmonics (Babonneau et al., 2011 (Babonneau et al., , 2012 , organic photovoltaics ) and future storage technology (Martinez-Tong et al., 2013) . It is well known that many of these devices rely on metal nanoparticles owing to their size-dependent and adjustable physical and chemical properties (Yeh et al., 2012; Jin, 2010; Kim et al., 2009; Xu et al., 2010; Zheng et al., 2012; Romo-Herrera et al., 2011; Wu et al., 2010) . Miniaturization of such devices is highly desirable and ongoing; for example, concerning magnetic data storage, the use of self-assembly and patterned copolymer thin films leads to unprecedented data storage capabilities (Park et al., 2009 ). This quest, however, results in new challenges. As an example, it leads to the crucial demand to reduce the length scales of connectors and wires which are one-dimensional metal nanostructures (Chen et al., 2013; Guo et al., 2010; Knopfmacher et al., 2014; Han & Corn, 2011) , with dimensions down to and below the micrometre range (Yokota et al., 2013) . To achieve line-type structures, several approaches for microand nanopatterning have already been used, such as UV patterning (Moon et al., 2007) , electrodeposition for contacting organic conducting wires (Hangarter et al., 2008) , nanorippled surfaces to produce one-dimensional magnetic nanostructures (Vayalil et al., 2011) and designed onedimensional arrays of plasmon-active nanoparticles on such nanorippled surfaces (Babonneau et al., 2011 (Babonneau et al., , 2012 to name just a few. Alternatively, the flow stream technique was used to deposit colloidal metal wires on lamellar structured diblock copolymer samples .
The formation of metal nanoparticle layers often makes use of the self-assembly of metal atoms on a patterned surface. Here, a wealth of methods are available for depositing the metal. Sputter deposition is widely used in many applications and is thus a natural choice for us to deposit nanoparticles (Amarandei et al., 2014; Renaud et al., 2003) . This method offers us the possibility of installing nanoparticles on largescale substrates as well as complex metal gradients (Yu et al., 2013; Greve et al., 2006; Roth et al., 2006; Armelao et al., 2009; Gonzá lez-García et al., 2010; Schwartzkopf et al., 2013; Renaud et al., 2009; Cademartiri & Kitaev, 2011) . In combination with a nanostructured polymer template and using a variety of available polymer structures, it is possible to install even more complex structures such as, for example, correlated layers of metal on colloidal surfaces (Xiu et al., 2006) or to selectively dope polymer blends and block copolymer thin films (Schlage et al., 2012) . In general, block copolymer systems are ideal scaffolds and templates for nanostructuring (Hamley, 2003; Lopes, 2002; Park et al., 2009; Morkved et al., 1994; Xu et al., 2010) . Here, the structure and morphology of the metal nanoparticle layer strongly depend on the interaction of the metal with the underlying polymeric template (Ruffino et al., 2011) . Recently, coatings on macroscopically curved surfaces like fibers have become more and more popular. To give just two examples, Dö ring et al. (2013) used pulsed laser deposition to produce multilayer lenses on fibers and O' Connor et al. (2008) combined organic photovoltaics and electronics in textile applications, which introduces a new degree of freedom, namely the flexibility and the macroscopic curvature of the underlying substrate. Thus, investigation of the nanostructuring of metals layers on one-dimensional curved substrates becomes a very important focus.
In our investigation, for a novel approach to characterizing the metal nanoparticle layer on an imprinted block copolymer substrate, we combine nanofocus grazing-incidence smallangle X-ray scattering, imaging ellipsometry and atomic force microscopy. After a description of the experimental methods used, we present the results of our investigation, where we are able to characterize the effect of imprinting on the block copolymer as well as the changes in morphology of the metal layer deposited on the imprinted film. Thus, we present a fundamental way of characterizing the local structure on curved surfaces. To conclude, we hint at potential future applications of this novel nanoscale mapping in the field of miniature devices. Moreover, we show that the incorporation of one-dimensional wire-or line-type structures and curved surfaces needs special consideration when applied to hybrid materials.
Experimental
We have already shown Metwalli et al., 2009 ) the possibility of installing stripe-like patterns of polymeric blends and block copolymers over a macroscopic area. The latter studies already involved the selective coating of the block copolymer film via metal colloid deposition. In the present investigation, our aim is to observe a possible influence of the local substrate topology, inherent in many devices (Ko et al., 2011) , on the metal nanoparticle morphology. We thus synergize stripe-like patterning via imprinting, leading to macroscopic structures on the substrate, and metal nanoparticle formation via sputter deposition and self-assembly. In detail, we focus on the impact of topography (imprint) versus nanoscale morphology (phase separation) of the polymer film on metal nanoparticle structures deposited on top.
Our polymer-metal sample is produced via a three-step process. First, a polymeric channel groove is created by imprinting a fiber (108 mm diameter) in a nanostructured pressure-sensitive adhesive (PSA) film of 16 mm thickness. The imprint was made in a controlled way by applying a pressure of 24 kPa. The fiber was commercially purchased (natural European human hair, purchased from Kerling, Germany). The nanostructure of the PSA film originates from mixing poly(styrene-block-isoprene-block-styrene) with a molecular weight of M w = 90 kg mol À1 with poly(styreneblock-isoprene) with M w = 155 kg mol À1 in the ratio 75:25 together with an additional resin to establish adhesive properties. The PSA film was spin-coated from toluene on a silicon wafer support. The fiber diameter is larger than the film thickness. Imprinting the fiber leads to an installation of two ridges parallel to the fiber, owing to the displacement of part of the polymeric material underneath the fiber. From Fig. 1(d) , one can estimate the lateral extension of the ridges to approximately the fiber diameter. Subsequently, we sputterdeposited 4.3 nm of gold on this fiber/PSA template (see Fig. 1a ). Here, the fiber and the thickness of the polymer are drawn to scale but not the gold layer. In the third step of the sample preparation, we remove the fiber, leaving behind the area of the imprint as a channel groove. Because of the PSA properties, during the lifting of the fiber small polymer fibrils are developed which finally break and constitute the rough surface of the channel groove. No gold is attached to the channel groove, as it was covered by the fiber during sputter deposition. To the right and to the left along the fiber, regions with no or at least reduced gold coverage are present, as the surface was shadowed by the fiber during sputter deposition. Outside these shadowed regions a homogeneous gold coverage is obtained by DC magnetron sputter deposition with a deposition rate of 4.3 nm per 600 s and 5 Â 10 À3 mbar (0.5 Pa) partial pressure of Ar. We choose an Au film thickness below the percolation threshold (Greve et al., 2006) to install separated Au nanoparticles. This isolated island regime below the percolation threshold has many applications in catalysis and sensors, e.g. surface-enhanced Raman scattering (Lamberti et al., 2015) and organic photovoltaics (Paci et al., 2012) . research papers
Imaging ellipsometry
Imaging ellipsometry measurements were performed using a surface probe ellipsometric microscope (Nanofilm Technologie GmbH, Germany) (Kö rstgens et al., 2010); see the phase difference Á as derived from imaging ellipsometry in Fig. 1(d) . A lateral resolution of 1 mm is achieved by using an objective with 20Â magnification. The angle of incidence is 50 and the laser wavelength is 532 nm. The measured Á map clearly visualizes both the gold-covered area and the shadowed area along the imprint of the fiber, confirming the sketch in Fig. 1(c) . In contrast to the simplified sketches in Figs. 1(a) and 1(b), the gold film is not a simple homogeneous layer on top of the polymer film but nanostructured and its morphology is determined by the underlying polymer substrate (Schlage et al., 2012; Metwalli et al., 2008) .
Atomic force microscopy
Atomic force microscopy (AFM) was performed using an NT-MDT Ntegra system (Zelenograd, Russia) with an NT-MDT cantilever (tip radius of 10 nm, resonance frequency of 132 kHz) in non-contact mode.
2.3. Nanobeam grazing-incidence small-angle X-ray scattering Grazing-incidence small-angle X-ray scattering (GISAXS) is an established method for retrieving detailed information on nanoscale morphologies in a statistically relevant way (Renaud et al., 2003 (Renaud et al., , 2009 . Combining this technique with a nanofocused X-ray beam, we are able to scan and obtain at the same time the locally changing nanoscale morphology of both the gold nanoparticles and the PSA film. The scanning method allows for rapid imaging of the nanoscale features on many sample points and thus to establish a nanoscale map of the hybrid material, as shown in Fig. 1(d) and Fig. 4 below. On selected spots, we compare our results with those from AFM. AFM measurements visualize the phase-separated PSA morphology and the selective wetting of the polystyrene domains by gold during sputter deposition (Roth et al., 2015) . Sketch of the GISAXS geometry. The incident ( i ) and exit ( f , ) angles are shown, together with the incoming X-ray beam (XR), and the real space (y, z) and reciprocal space coordinate systems (wavevector transfer q y , q z ). A two-dimensional GISAXS pattern is displayed. The intensity is color coded. The dashed red line shows the cut direction to obtain the intensity distribution I(q z , q y = 0 nm À1 ) for the intensity map in Fig. 1(e) and for determining the height of the nanoparticles . The solid red line shows the cut direction for obtaining the intensity distribution I(q z = const, q y ) shown in Fig. 3(a) and extracting the different correlation length PSA, Au .
Our studies, therefore, allow curved surfaces to be mapped for the first time and thus detect the local morphologies of the Au nanoparticles installed by sputter deposition. To investigate the detailed Au nanoparticle morphology as a function of the template morphology, we performed nanobeam grazing-incidence small-angle X-ray scattering (nGISAXS) at beamline ID13 of ESRF (Mü ller-Buschbaum et al., 2006) at an incident angle of i = 0.69
. The beam size of 500 nm Â 500 nm was established with a pair of crossed Fresnel zone plates (Nö hammer et al., 2006) using a wavelength of = 0.0976 nm. The detector (MARCCD, pixel array of 2048 Â 2048, pixel size of 79.1 mm) was placed at a distance of 840 mm from the sample. Both the direct beam and the specular reflected beam were shadowed by two separate point-like lead beam stops to avoid saturation of the detector. The sample was placed on an xyz translation stage, a two-dimensional goniometer and an ! stage to align the sample to the beam. The geometry of the GISAXS experiment is shown in Fig. 2 . Here, the incident ( i ) and exit ( f , ) angles are shown, together with the incoming X-ray beam, and the real space (y, z) and reciprocal space coordinate systems (wavevector transfer q y , q z ). We follow the general terminology as introduced earlier (Mü 
Results and discussion
In order to map the area, the nanofocused X-ray beam is scanned in steps of 2 mm along the imprint area. The size of the X-ray beam and its footprint on the sample is illustrated in Fig. 1(d) , where the footprint is sketched into the q y map of the imaging ellipsometry. The two separated ridges, as well as the uncovered part stemming from the imprint, are clearly visible. For comparison, the actual beam size is shown. In Fig. 1(b) , a sketch of the layered system gold/PSA is presented. As is deduced below, the gold nanoparticle height increases from the center of the channel groove towards the ridges. To analyze the nGISAXS pattern, we present in Fig. 1 (e) an ( f , y) map at q y = 0 nm
À1
, where f denotes the exit angle of the scattered X-ray beam with respect to the sample horizon Mü llerBuschbaum, 2003; Holý & Baumbach, 1994) . This map was compiled by plotting all of the intensity distributions (cuts) I(q z , q y = 0 nm À1 , y) at each scan point y, similar to the method reported by Mü ller-Buschbaum et al. (2006) using the software DPDAK (Benecke et al., 2014) . The cut direction is shown in Fig. 2 as the dashed red line. We choose the position q y = 0 nm À1 because the scattered intensity is highest here in our case. This allows us to qualitatively map the existence of gold clusters owing to the changes in intensity along y and compare this with the results of imaging ellipsometry. These changes occur because of the Yoneda peak (Yoneda, 1963) , which is an interference phenomenon occurring at an interface and is sensitive to the materials present, e.g. the PSA film and the Au layer. The intensity distribution clearly shows a decrease in the gold coverage at the ridges into the uncovered area, comparable with gradient layers . The intensity increase in the middle between the two ridges and near them originates from the lifting of the polymeric fiber from the PSA film due to a possible increase of roughness and thus increased scattering (Yoneda, 1963) . To reveal the details of the Au and PSA nanostructure, two exemplary nGISAXS patterns are shown in Fig. 1(e) : (1) could have influenced the Au deposition and (2) y 2 in the center of the polymeric channel groove.
At position y 1 , far away from the imprint (covered with gold nanoparticles), strong scattering along q y = 0 nm À1 is observed. The side maxima around q y = 0.06 nm À1 indicate the presence of the Au nanoparticles on the polymer surface. In contrast, at position y 2 the nGISAXS pattern shows the scattering signal of the polymer thin film in the imprint where no gold is present. In this case, the broadened intensity feature stems solely from the nanostructure present inside the polymer blend.
For a quantitative analysis of the nanoparticle morphology along the region shown in Fig. 1(a) , we analyzed the height H from the intensity distribution along q z around q y = 0 nm À1 and the most prominent in-plane length scales PSA, Au being present in the thin composite film. Following Renaud et al. (2003) , Roth et al. (2003 Roth et al. ( , 2006 , Schwartzkopf et al. (2013) and Lazzari et al. (2007) , for example, one can extract the height of the gold nanoparticles by following the slope of the intensity distribution I(q z , q y = const, y). We choose the case q y = 0 nm À1 , as this is the region of highest intensity. This cut corresponds to the dashed red line in Fig. 2 . In Fig. 3(a) , we present the example of two horizontal line cuts obtained from the two-dimensional nGISAXS pattern at the critical angle of silicon ( f, c = 0.1 ). At this exit angle, owing to the interference of the transmitted and the reflected beam, the nGISAXS pattern is most sensitive to the nanostructure near and at the surface of the thin film. In order to obtain the length scales PSA, Au of the predominating phase-separated PSA morphology and the Au nanoparticle morphology, we fit a resolution-broadened Lorentzian function to the intensity in the horizontal cuts (black lines), assuming an incoherent superposition of the scattered intensity stemming from the PSA and the Au nanoparticles. Thus, we are able to identify two prominent length scales. These are PSA = 95 nm and Au = 12 nm, caused by domains in the phase-separated structure inside the PSA film and the Au nanoparticle morphology, respectively, and thus justifying our approach. The AFM image in Fig. 3(b) corroborates the deduced morphology of the PSA film as well as the Au nanoparticles in real space.
We use the described fitting procedure to extract at every scan position y the corresponding morphology of the PSA and Au nanoparticle layer. The results are summarized in Fig. 4 , where the height H and Au as well as PSA are shown as a function of the scan position y. The height of the Au nanoparticles decreases at the ridges, as the gold coverage shows a strong gradient due to the shadowing Ruderer et al., 2010) . The most-prominent in-plane length scale Au corresponds well to that seen in the AFM image. Interestingly, Au increases by more than 10% in the region of the ridges, which shows that the topography of the imprint has an influence on the nanoparticle arrangement. Au is no longer observable in the imprint area, as no Au is deposited. The polymer structure is slightly affected by the imprint as well. Inside the imprint area, we observe a reduction of the length scale of the polymer structure PSA . This is attributed to mechanical deformation during the imprinting. The PSA film directly underneath the fiber imprint (y = 80 mm) might have increased its roughness at this position during the lifting of the fiber. Hence, this might lead to the observed increase in intensity where definitely no Au is present (Yoneda, 1963) . The nanomorphology of the PSA film does not tailor the Au nanoparticle structure, which is obvious from the big difference in the characteristic lateral lengths Au and PSA . We, therefore, may speculate on two possible scenarios. In the first one, we assume a compact/closed Au film. Owing to shadowing effects, the Au height changes nearly linearly with the lateral position of the sample; however, the crystallite size shows only minor changes (Roth et al., 2003) . On the other hand, we observe a slight change in PSA which might induce a change in Evolution of the polymer film structure PSA (left), the Au nanoparticle morphology Au (right, upper curve) and height H Au (right, lower curve) as a function of the scan position y. The small increase in height around 80 mm in the center of the channel groove might stem from lifting the fiber. Owing to the lifting of the fiber, residues of the PSA film are present and their roughness might be increased during this process. Following Yoneda (1963) , this leads to the observed increase in intensity where no Au is present. The arrows indicate the ridges of the groove. morphology of the nanoparticle Au film. This change would then stem from the surface curvature. By applying nGISAXS, we are able to determine the thickness gradient of Au close to the ridges where, for example, reflectivity would be difficult to use for detecting small Au layer thicknesses on thick curved rough surfaces.
Conclusion and outlook
Using an nGISAXS scanning study of the Au layer morphology along a channel groove imprinted into a PSA film, we are able to detect, distinguish and identify the complex nanostructure of both the metal layer and the polymer film. The presence of macroscopic structures, as introduced by the imprinted ridges, can cause deviations from the mean metal nanoparticle morphology. As a consequence, deposition parameters need to be tuned locally to avoid such effects, which increase the complexity in device preparation. We may name two examples concerning the practical use of our mapping and the potential applicability of our study. We note that fibers become more and more attractive for including functional and organic electronics (Lee et al., 2013) . As a first application example for a curved geometry, we may name organic field-effect transistors based on nanofibers as dielectric (Jian et al., 2014) . Here, not only the small-molecule layer must follow the curvature, but on top of it also the gold contact. Its nanostructure must inevitably change during the curvature, as we have outlined above. The gold contact, relying on a percolated nanostructure, should then be locally fine tuned. Secondly, nanoimprint lithography is indeed used to create grating layers to enhance reflectivity (Ko et al., 2011) . These grating layers are coated with metals and often the plasmonic properties enhance the device operation. The plasmonic properties strongly depend on the nanoparticle size, which itself depends on the position on the grating's ridges. These setups may take advantage of our findings. Our investigation can thus be seen as a first step towards nanoscale characterization of such complex macroscopically curved nanomaterials.
